Abstract: The effects of axial strain on beating frequency from a short cavity polarizationmaintaining erbium-doped fiber (PM-EDF) based distributed Bragg reflector (DBR) laser were investigated theoretically and experimentally for the first time. This type of single-mode DBR fiber laser based ultrasensitive sensor has been extensively developed for measuring kinds of measurands, but the cross-sensitivity of axial strain was usually ignored. A DBR fiber laser with an effective cavity length of $1 cm formed by a pair of FBGs written on a PM-EDF was fabricated for demonstration. This laser operated in dual-polarization singlelongitudinal mode stably. The frequency of the beating signal generated by two orthogonal polarizations was found to be proportional to the axial strain applied on the cavity. A linear strain sensitivity of 0.640 GHz/m" was obtained, with a fiber birefringence of around 8.65e-5. For the fiber with larger birefringence, the sensitivity to the axial strain will be increased. So the effects of axial strain should be considered when the structure is utilized as a highresolution sensor, especially for a polarization-maintaining system. The single-mode DBR laser made of high birefringent fibers also has a potential application in frequency tunable microwave generation.
Introduction
Optical fiber sensing offers a number of advantages over other conventional sensors, including immunity to electrical magnetic interference, multiplexing flexibility, light weight, compact size, and low cost [1] , [2] . With the development of grating fabrication technology on rare-earth-doped fiber, fiber-grating-based ultrashort cavity fiber lasers have emerged as high-performance sensors. Because of their small size and high resolution, they provide potential applications in multiplexed measurement for strain, acoustic, and magnetic fields underwater [3] . Fiber Bragg grating (FBG) based distributed Bragg reflector (DBR) lasers and distributed feedback (DFB) lasers have attracted considerable interests and have been extensively investigated over the past few years. For short cavity lasers operating in single-longitudinal mode, they can be applied in ultrahigh-resolution sensing, since their sensitivity is limited only by the intrinsic frequency noise of the laser [4] . The application for tunable microwave generation has also been reported [5] , [6] .
In these applications, the measurand signal is coded onto the laser optical frequency and can be obtained by heterodyning two polarizations. A key issue for such kind of short cavity fiber laser based sensors is that they are sensitive to so many physical parameters of environment. This structure has been investigated and demonstrated for measuring different parameters, such as displacement [7] , bending [8] , transverse force [9] , and twist [10] . However, most of the demonstrations more or less suffered from the cross-sensitivity of axial strain, which was usually ignored. The effects of axial strain on such kind of short cavity fiber laser system (especially for the one made of high birefringent fibers) have never been investigated yet.
In this paper, we investigated the axial strain on short cavity fiber lasers theoretically and experimentally. We demonstrated a short cavity DBR fiber laser with orthogonal linear polarizations by inscription of two FBGs on a polarization-maintaining erbium-doped fiber (PM-EDF). The laser operated in dual-polarization single-longitudinal mode. Furthermore, the polarization-hole burning (PHB) effect and spatial-hole burning (SHB) effect can help the fiber laser operate in much more stable state than nonpolarization-maintaining system [11] , [12] . By beating the two wavelengths from two orthogonal polarizations of the laser on a photodetector (PD), microwave signals can be obtained and measured. We investigated the axial strain-induced effects on the beating frequency of the laser. A linear strain sensitivity of 0.640 GHz/m" was obtained, with a fiber birefringence of around 8.65e-5. The results show that axial strain cannot be simply ignored when the structure is used as a high-resolution sensor, especially for a polarization-maintaining system.
Theoretical Analysis
A short cavity of the DBR fiber laser is composed of a pair of FBGs with the same Bragg wavelength and high reflectivity, written directly on a segment of a PM-EDF of high erbium concentration. The grating pairs act as reflecting mirrors and optical filters. The total effective cavity length of the laser can be typically in the order of a few centimeters.
The Bragg wavelength 0 of a uniform FBG is
where n eff is the effective index of the fiber core and Ã is the pitch of the grating. For a grating on the polarization-maintaining fiber (PMF), the effective index of the fast axis and slow axis is different. So there will be two Bragg wavelengths from one grating corresponding to two orthogonal polarizations. The wavelength spacing of the two peaks can be calculated as
where B ¼ n s À n f (n f and n s are modal refractive indexes of fast axis and slow axis) is the birefringence of the fiber. If the cavity is pumped to lase out, two wavelengths with orthogonal polarizations can be turned into the same polarization state by using a polarizer. A microwave signal can be generated by beating them on a PD. The beating frequency f RF is then
where is the mean of the lasing wavelengths and c is the speed of light in vacuum.
If an axial strain is applied on the laser cavity, the beating frequency will be changed due to the photo-elastic effect [13] . Both of the lasing wavelength and wavelength spacing will be changed accordingly. The change of beating frequency caused by an axial strain can be described as
The first term in (4) presents the beating frequency shift, which stems from the change of wavelength spacing. Á can be deduced from (2), i.e.,
where " is the axial strain on the cavity, and p s e and p f e are the effective photo-elastic constants for the slow and fast axes, respectively. The second term in (4) describes the beating frequency shift, which results from the change of the mean wavelength. The change of the Bragg wavelength caused by axial strain can be described by
where p e is the mean effective photo-elastic constant for the axial strain. By substituting (5) and (6) into (4), the beating frequency change as a function of the axial strain can be obtained as
From (7), it is clear that the beating frequency is proportional to the axial strain on the fiber laser. For the fiber with larger difference between two axes of effective photo-elastic constant, the sensitivity to the axial strain will be higher. Theoretically, if the fiber is strictly isotropic and homogeneous, there will be no change of beating frequency introduced by axial strain. In fact, birefringence exists even in non-PMFs [10] . The sensitivity can be enhanced by increasing the birefringence of the fiber and decreasing the pitch of the grating. Since it is very hard to get the exact value of effective photo-elastic constants of fiber for different axes, experimental demonstrations were carried out for further investigations.
Experimental Verification
We demonstrated a short cavity DBR fiber laser as shown in Fig. 1 . The laser consists of a pair of FBGs on a section of a PM-EDF with a total length of 3 cm. The PM-EDF used in our experiment is a commercially available optical fiber (DHB 1500, Fibercore Ltd.). It is a Bbow tie[ type PM fiber, with a fiber core boron-doped, which helps to improve the photosensitivity of the fiber. Therefore, strong gratings with high reflectivity can be fabricated by UV light grating fabrication system. For grating fabrication in PM fibers, the exposure direction of the UV beam should be carefully adjusted to make sure that the Bbow tie[ does not block the inscription. We can identify the exposure direction from the diffraction pattern of the fluorescence on a screen. The grating pair used in our demonstration was fabricated by a 244-nm frequency-doubled argon ion laser using a phase-mask scanning technique. The PM-EDFs were hydrogen-loaded for two weeks to improve their photosensitivity. The period of the gratings is 532 nm, with a length of 1 cm and a reflectivity of around 99% (À20 dB in transmission spectrum). The distance between two gratings is 1 cm. The inset of Fig. 2 shows the transmission spectrum of the grating pair. The effective length [14] of the DBR laser is $1 cm, corresponding to a longitudinal mode spacing of $0.08 nm. Since the bandwidth of the fiber grating is less than 0.16 nm, the DBR laser can operate in single-longitudinal mode with two orthogonal polarizations. Due to the PHB effect and SHB effect in the cavity, this DBR laser has a highly stable dual-wavelength oscillation [11] , [12] .
The laser was pumped by a 300-mW 980-nm laser diode through a wavelength division multiplexer (WDM). By adjusting the polarization controller (PC) and the polarizer, the beating signal intensity of the two orthogonal polarization modes could be maximized once the two wavelengths lase with comparable power. 10% of the output is coupled out by a 1 : 9 coupler and connected to an optical spectrum analyzer (OSA) with a resolution of 0.02 nm for spectral monitoring. As shown in Fig. 2 , the two lasing wavelengths are 1542.300 nm and 1542.392 nm, respectively, with a wavelength spacing of 0.092 nm. From (2), the birefringence of the fiber in the demonstration can be estimated to be around 8.65e-5. The optical signal-to-noise ratio (SNR) for these two lasing lines is 20 dB. 90% of the output is heterodyned on a PD connected to an electrical spectrum analyser (ESA) for beating frequency measurement. An erbium-doped fiber amplifier (EDFA) was used to gain enough power energy for PD detection. As shown in Fig. 3 , only one beating signal at 11.559 GHz was observed with the measurement range of 20 GHz, which verifies that the laser operated in dual-polarization single-longitudinal-mode state. The frequency of the beating signal corresponds with the wavelength spacing of 0.092 nm in Fig. 2 . The SNR for the microwave signal is around 19 dB. The inset of Fig. 3 shows the detail of the generated microwave signal in a range of 16 MHz with a resolution of 100 kHz, from which the bandwidth is observed to be 2 MHz.
To test the influence of axial strain, the 3-cm laser cavity was firmly fixed on a linear stage, as shown in the middle of Fig. 1 . The measurement was carried out in stable room temperature at 25 C. The fiber laser was aligned carefully to ensure that there was no twist or shear strain introduced. The inset of Fig. 4 shows the measured beating frequency signals with different axial strains on the fiber. The beating frequency shifted toward higher frequency as the axial strain applied on the cavity increased. Since the PM-EDF based short cavity DBR operates stably in the single-longitudinal mode, the linearity of the experimental results is good (as shown in Fig. 4) , which corresponds quite well with the theoretical analysis in Section 2. From the slope of the linear fitting line, a sensitivity of 0.640 GHz/m" is obtained for a fiber with birefringence of 8.65e-5 in our demonstration. The value is too large to be ignored once the structure is used as high-resolution sensors. Compared with our previous work on non-PMFs [10] , the high birefringence fiber has a much higher sensitivity to axial strain. Therefore, the strain sensitivity can be enlarged by increasing the original birefringence of the fiber, for its potential applications in frequency tunable microwave generation.
Conclusion
We theoretically investigated the axial strain-induced effects on a short cavity DBR fiber laser based on an FBG pair. The frequency of the beating signal generated by two orthogonal polarizations was found to be proportional to the axial strain on the fiber laser. A DBR fiber laser formed by a pair of FBGs written on a PM-EDF with an effective cavity length of $1 cm was demonstrated for experimental investigation. The laser operated in a stable dual-polarization single-longitudinal mode with only one beating frequency at 11.559 GHz. Axial strains were carefully applied on the short laser cavity to investigate the effects on the beating frequency. The beating frequency shifted toward higher frequency as the axial strain applied on the cavity increased. A linear strain sensitivity of 0.640 GHz/m" was obtained, with a fiber birefringence of around 8.65e-5. The effects can't be simply ignored when the structure is used as a high-resolution sensor, especially for a polarizationmaintaining system, which can provide a higher stability. On the other hand, since the sensitivity can be enlarged by increasing the birefringence of the fiber and decreasing the pitch of gratings, it has a potential application in frequency tunable microwave generation.
